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SARS-CoV-2 transmits principally by air; contact and
fomite transmission may also occur. Variants of concern
are more transmissible than ancestral SARS-CoV-2. We
found indications of possible increased aerosol and sur-
face stability for early variants of concern, but not for the
Delta and Omicron variants. Stability changes are unlike-
ly to explain increased transmissibility.

ince the initial emergence of SARS-CoV-2 (lineage

A), new lineages and variants have emerged (1),
typically replacing previously circulating lineages.
The World Health Organization has designated 5
virus variants as variants of concern (VOCs) (2). To
assess whether the transmission advantage of new
VOCs might have arisen partly from changes in aero-
sol and surface stability, we compared them directly
with a lineage A ancestral virus (WA isolate).

The Study

We evaluated the stability of SARS-CoV-2 variants
in aerosols and on high-density polyethylene (to rep-
resent a common surface) and estimated their decay
rates by using a Bayesian regression model (Appendix,
https:/ /wwwnc.cdc.gov/EID/article/29/5/22-1752-
Appl.pdf). We generated aerosols (<5 pm) contain-
ing SARS-CoV-2 with a 3-jet Collison nebulizer and
fed them into a Goldberg drum to create an aerosol-
ized environment (Video, https://wwwnc.cdc.gov/
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EID/article/29/5/22-1752-V1.htm), using an initial
virus stock of 10°°-10° 50% tissue-culture infectious
dose (TCID,) per mL. To measure surface stabil-
ity, we deposited 50 pL containing 10°> TCID, of virus
onto polypropylene.

For aerosol stability, we directly compared the ex-
ponential decay rate of different SARS-CoV-2 isolates
(Table) by measuring virus titer at 0, 3, and 8 hours;
the 8-hour time point was chosen through modeling to
maximize information on decay rate given the observed
3-hour decay. We performed experiments as single
runs (0-to-3 or 0-to-8 hours) and collected samples at
start and finish to minimize virus loss and humidity
changes from repeat sampling. We conducted all runs
in triplicate. To estimate quantities of sampled virus, we
analyzed air samples collected at 0, 3, or 8 hours post-
aerosolization by quantitative reverse transcription PCR
for the SARS-CoV-2 envelope (E) gene to quantify the
genome copies within the samples. To determine the
remaining concentration of infectious SARS-CoV-2 vi-
rions, we titrated samples on standard Vero E6 cells. To
check robustness, we also titrated the samples on 2 Vero
E6 TMPRSS2-expressing lines, yielding similar results
(Appendix). We estimated exponential decay of infec-
tious virus relative to the amount of remaining genome
copies to account for particle settling and other physical
loss of viruses, although we also estimated decay rates
from uncorrected titration data as a robustness check,
which yielded similar results (Appendix).

We recovered viable SARS-CoV-2 virus from the
drum for all VOCs (Figure 1, panel A). The quantity
of viable virus decayed exponentially over time (Fig-
ure 1, panel B). The half-life of the ancestral lineage
WAL1 in aerosols (posterior median value [2.5%-97.5%
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Table. SARS-CoV-2 isolates used in study of comparative stability and their observed aerosol and surface half-lives*

WHO
SARS-CoV-2 isolate label

PANGO label

GISAID/GenBank

accession no. Aerosol half-life, h  Surface half-life, h

hu/USA/CA_CDC_5574/2020 A

hCoV-19/USA/MT-RML-7/2020 B.1
hCoV-19/England/204820464/2020 Alpha B.1.1.7
hCoV-19/USA/MD-HP01542/2021 Beta B.1.351
hCoV-19/USA/KY-CDC-2-4242084/2021 Delta B.1.617.2
hCoV-19/USA/WI-WSLH-221686/2021 Omicron B.1.1.529

MN985325.1
MW127503.1

3.29(2.334.98)  4.82 (4.23-5.49)
3.99 (2.73-7.2)  5.16 (4.48-5.96)

EPI_ISL_683466  6.13 (3.14-27.5)  5.13 (4.59-5.74)
EPI_ISL_890360  5.13 (3.16-12.3)  5.73 (5.01-6.72)
EPI_ISL 1823618  3.12(2.29-4.73)  4.38 (3.48-5.65)

EPI_ISL_7263803  2.15 (1.35—4.04) 3.58 (2.88—4.47)

*The half-life of the aerosols or on surface is presented as posterior median value with posterior quantiles. WHO, World Health Organization.

posterior quantiles]) was 3.20 (2.33-4.98) hours. The
B.1, Alpha, and Beta viruses appeared to have longer
half-lives than WA1: 3.99 (2.73-7.20) hours for B.1, 6.13
(3.14-27.5) hours for Alpha, and 5.13 (3.16-12.3) hours
for Beta. The half-life of Delta was similar to that of
WA1: 3.12 (2.29-4.73) hours. The Omicron (BA.1) vari-
ant displayed a similar or decreased half-life compared
with WAT1: 2.15 (1.35-4.04) hours (Figure 1, panel B).
To better quantify the magnitude and certainty of the
change, we computed the posterior of the ratio for vari-
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ant half-life to WA1 half-life for each variant (Figure
1, panel C). Estimated ratios were 1.25 (0.701-2.48) for
B.1,1.88 (0.859-8.75) for Alpha, 1.6 (0.838-4.01) for Beta,
0.978 (0.571-1.63) for Delta, and 0.659 (0.35-1.37) for
Omicron. That is, initial spike protein divergence from
WAT1 (heuristically quantified by the number of amino
acid substitutions) appeared to produce increased rela-
tive stability, but further evolutionary divergence re-
verted stability back to that of WAI, or even below it
(Figure 1, panel C; Appendix Figures 1, 2).
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Figure 1. SARS-CoV-2 variant exponential decay in aerosolized form and corresponding half-lives. A) Regression lines representing
predicted exponential decay of log,, virus titer over time compared with measured (directly inferred) virus titers. Points with black bars
show individually estimated titer values (point: posterior median titer estimate; bar: 95% credible interval). Points at 3 hours and 8 hours
are shifted up or down by the physical/noninactivation change in viral material estimated from quantitative reverse transcription PCR
data (Appendix), to enable visual comparison with predicted decay (which reflects only inactivation effects). Semitransparent lines show
random draws from the joint posterior distribution of the exponential decay rate and the drum run intercept (virus titer at ¢ = 0); this
visualizes the range of plausible decay patterns for each experimental condition. We performed 50 random draws and then plotted 1 line
per draw for each drum run, yielding 300 plotted lines per variant. B) Inferred virus half-lives by variant, plotted on a logarithmic scale.
Density plots show the shape of the posterior distribution. Dots show the posterior median half-life estimate and black lines show a 68%
(thick) and 95% (thin) credible interval. C) Inferred ratio of variant virus half-lives to that of WA1 (fold-change), plotted on a logarithmic
scale and centered on 1 (no change, dashed line). Dot shows the posterior median estimate and black lines show a 68% (thick) and
95% (thin) credible interval. TCID,, 50% tissue culture infectious dose.
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Figure 2. SARS-CoV-2 variant exponential decay on an inert surface and corresponding half-lives. A) Regression lines representing
predicted exponential decay of log, virus titer over time compared with measured (directly inferred) virus titers. Semitransparent lines
show random draws from the joint posterior distribution of the virus exponential decay rate and the sample intercepts (virus titers at

t = 0). We performed 50 random draws and then plotted 6 random initial titers per draw for each variant, yielding 300 plotted lines

per variant. We chose a new group of 6 random initial titers for each new draw-variant pair. Points with black bars show individually
estimated titer values (point: posterior median titer estimate; bar: 95% credible interval). Samples with no positive titration wells are
plotted as triangles at the approximate LOD (dotted horizontal line). B) Inferred virus half-lives by variant, plotted on a logarithmic scale.
Density plots show the shape of the posterior distribution. Dots show the posterior median half-life estimate and black lines show a 68%
(thick) and 95% (thin) credible interval. C) Inferred ratio of variant virus half-lives to that of WA1 (fold-change), plotted on a logarithmic
scale and centered on 1 (no change, dashed line). Dot shows the posterior median estimate and black lines show a 68% (thick) and
95% (thin) credible interval. TCID,, 50% tissue culture infectious dose.

Next, we investigated surface stability of VOCs
compared with the ancestral variant on polyethylene.
Again, all variants exhibited exponential decay (Fig-
ure 2, panel A). We found a half-life of 4.82 (4.23-5.49)
hours for WA1, similar to our previous estimates
(Figure 2, panel B) (3). Early VOCs had slightly longer
half-lives: 5.16 (4.48-5.96) hours for B.1, 5.13 (4.59-
5.74) hours for Alpha, and 5.73 (5.01-6.72) hours for
Beta (Figure 2, panel B). As with aerosols, Delta had
a half-life similar to WA1 of 4.38 (3.48-5.65) hours
and Omicron had a somewhat shorter half-life of 3.58
(2.88-4.47) hours (Figure 2, panel B). We again cal-
culated posterior probabilities for the half-life ratios
relative to WA1 (Figure 2, panel C). B.1 had a half-life
ratio to WA1 of 1.07 (0.876-1.32), Alpha a half-life ra-
tio of 1.07 (0.896-1.27), and Beta a half-life ratio of 1.19
(0.988-1.46). The ratios for Delta and Omicron were
0.912 (0.694-1.21) and 0.744 (0.578-0.965).

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 29, No. 5, May 2023

In both aerosol and surface results, the posterior
95% credible intervals for most ratios overlap 1. Ex-
perimental noise could possibly explain the apparent
trend toward increased stability for B.1, Alpha, and
Beta, although the clear bulk of posterior probability
mass indicates greater half-lives. Conversely, the pos-
terior ratios indicate clearly that Delta and Omicron
are not markedly more stable than WA1 and might
be less stable (particularly Omicron and particularly
on surfaces).

Conclusions

Several studies have analyzed the stability of SARS-
CoV-2 on surfaces or in aerosols in a Goldberg ro-
tating drum (3-7). Most have focused on the dura-
tion over which infectious virus could be detected.
In this study, we paired a model-optimized experi-
mental design with Bayesian hierarchical analysis
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to systematically measure virus half-life across 6
SARS-CoV-2 variants and directly estimate relative
half-lives with full error propagation. We found a
small initial increase in aerosol stability from ances-
tral WA1 to the B.1, Alpha, and Beta variants, with
some statistical uncertainty. However, we found
that Delta has a half-life similar to that of WA1 and
that Omicron likely has a shorter one. In surface
measurements, the VOCs followed the same pattern
of relative stability, confirming that the overall sta-
bility of SARS-CoV-2 variants is determined by simi-
lar factors in aerosols and on surfaces (8). Divergent
results on the aerosol and surface stability of VOCs
have been reported (7,8).

Our study suggests that aerosol stability is likely
not a major factor driving the increase in transmis-
sibility observed with several VOCs (9,10). The early
rise in stability for B.1 and its descendants Alpha and
Beta might have arisen incidentally from selection for
other viral traits that favored higher transmission.
Epidemiologic and experimental studies suggest that
the window for transmission is typically relatively
short (<1 hour), and thus a modest change in aerosol
half-life would not have discernible epidemiologic ef-
fects (11). However, in specific contexts of enclosed
spaces, it will remain vital to understand the temporal
profile of transmission risks after the release of aero-
sols containing SARS-CoV-2 from an infected person.
We conducted our experiments under laboratory con-
ditions using tissue culture media, so biological fac-
tors potentially affecting decay (e.g., airway mucins
and other components of airway-lining fluids) were
not considered. Novel approaches studying aerosol
microenvironments have reported initial rapid loss of
SARS-CoV-2 infectiousness in the seconds after aero-
solization (12); our work only addresses SARS-CoV-2
decay and stability over longer timescales, after the
initial deposition loss has occurred.

Whereas evolutionary selection for previous vari-
ants favored high transmission among immunologi-
cally naive humans (13), since late 2021, global pop-
ulation-level selection has favored antigenic change
(14) and the consequent ability to transmit among
nonnaive persons. Our findings suggest that in-
creased transmissibility through antigenic evolution
might come at a tolerable cost to the virus in environ-
mental stability. Overall, the differences in environ-
mental stability among different VOCs, in aerosols or
on surfaces, are unlikely to be driving variant popu-
lation-level epidemiology.

This article was preprinted at https://doi.org/10.1101/
2022.11.21.517352.
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Comparative Aerosol and Surface Stability
of SARS-CoV-2 Variants of Concern

Appendix

Experimental methods

Cells and viruses
We passaged SARS-CoV-2 strains once on Vero E6 cells maintained in DMEM
supplemented with 10% FBS, 2 mM L-glutamine, 100 U/ml penicillin and 100 pg/ml

streptomycin.

The CDC (Atlanta, USA) provided an isolate of the ancestral WA1 (PANGO lineage A)
strain (hu/USA/CA_CDC 5574/2020, GenBank MN985325.1). We used a B.1 lineage virus
(hCoV-19/USA/MT-RML-7/2020, GenBank MW 127503.1, GISAID# EPI_ISL 591054)
derived from a clinical specimen obtained from Bitterroot Health-Daly Hospital Hamilton, USA.
We obtained the Alpha variant (PANGO B.1.1.7, hCoV-19/England/204820464/2020, BEI
catalog # NR-54000, GISAID# EPI ISL 683466) from BEI Resources, NIAID, NIH; virus
contributed by Dr. Bassam Hallis. We obtained the Beta variant (PANGO B.1.351, hCoV-
19/USA/MD-HP01542/2021, GISAID# EPI_ISL 890360) from Dr. Tulio de Oliveira and Dr.
Alex Sigal at the Nelson R. Mandela School of Medicine, UKZN. We obtained the Delta variant
(PANGO B.1.617.2, hCoV-19/USA/KY-CDC-2-4242084/2021, GISAID# EPI _ISL 1823618)
from BEI resources. We obtained the Omicron variant (PANGO B.1.1.529 or BA.1, hCoV-
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19/USA/WI-WSLH-221686/2021, GISAID# EPI ISL 7263803) from Drs. Peter Halfmann and
Yoshihiro Kawaoka at the University of Wisconsin, Madison, USA (see also Main Text Table).

We propagated virus stocks in Vero E6 cells in DMEM supplemented with 2% fetal
bovine serum (FBS), 2 mM L-glutamine, 100 U/ml penicillin and 100 pg/mL streptomycin. We
harvested stocks between Day 4 and day 6, depending on the cytopathic effect. We collected
supernatant was collected, centrifuged it at 1200 rpm for 8 minutes at room temperature, and
froze it at —80°C. To confirm that virus isolate genomes were identical to those deposited in
GenBank and/or GISAID, we performed deep sequencing with the Illumina MiSeq system (300-
cycle Nano kit, Il1lumina); no SNPs relative to the original patient sample sequence were

detected. The data are presented in Appendix Figure 2.

Aerosol stability experiment

We generated small aerosols (<5 um in diameter) using a 3-jet Collison nebulizer (CH
Technologies) containing 10>7°-10° TCID 5o/mL in 10 mL of DMEM supplemented with 2%
FBS. We fed the nebulized inoculum into a rotating Goldberg drum (Biaera Technologies) to
create the aerosol environment. For all runs, the drum system was prepared by a 7 minutes
loading of the drum and an additional 5 minutes of stabilization until a starting environment of
65% relative humidity (RH) and a temperature of 21-23°C was reached. We used a drum
rotational velocity of 3 miles h™! to overcome aerosol settling velocity and thus maintain particle

suspension.

We performed three independent replicate drum runs for each target timepoint (3 h or 8
h) for each variant. For each run, we collected a t = 0 sample after equilibration and then a final

(t=3 h or 8 h) sample. We collected samples by drawing air at 6 L min! for 30 s onto a 47 mm
gelatin filter (Sartorius). We dissolved filters in 10 mL of DMEM containing 10% FBS at 37°C,

and froze the resultant samples at —80°C until assessment.
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Virus quantification

gqPCR

We measured virus RNA in aerosol samples using qRT-PCR as previously described (/).
In short, we used 140 pL of sample for RNA extraction with the QlAamp Viral RNA Kit
(Qiagen) using the QIAcube HT automated system (Qiagen) with an elution volume of 150 pL.
We used the E gene assay for SARS-CoV-2 RNA (/) with 5 pL of input RNA and the TagMan
Fast Virus One-Step Master Mix (Applied Biosystems), run on a QuantStudio 6 Flex Real-Time
PCR System (Applied Biosystems). We ran 10-fold dilutions of SARS-CoV-2 E gene run-off
transcripts and 10-fold dilutions with known genome copies in parallel to estimate sample copy

numbers.

Titration

We determined infectious virus titers by endpoint titration. Results in the Main Text show
titration on standard Vero E6 cells. For sensitivity analysis, we also titrated samples on Vero E6-
TMPRSS2-T2A-ACE2 cells (BEI catalog # NR-54970), and on Vero-TMPRSSII-RML cells.

We inferred T C1Dsy/mL values from titration data in a Bayesian framework as described below.

Surface stability experiment

We measured surface stability 15 mm polypropylene at 21-23°C and 40% RH. We

deposited 50 pL of virus stock containing 10° TCID so/mL (7-10 drops) on the surface of a disc.
At predefined time-points, we sampled viable virus rinsing discs with 1 mL of Dulbecco’s
modified Eagle’s medium (Sigma-Aldrich, St, Louis, MO) supplemented with 2% fetal bovine
serum, | mM L-glutamine, 50 U/ml penicillin and 50 pg/mL streptomycin (2% DMEM). We
froze samples at —80°C until titration. We performed three replicate experiments for each variant

and determined infectious virus titers by endpoint titration as described above.
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Bayesian inference methods

Conceptual overview

Building on our prior work (2—4), we inferred individual titers and virus half-lives in a
Bayesian framework, modeling the positive or negative status of individual observed titration
wells according to a Poisson single-hit process (5). This can then be used either to infer
individual titers or to fit an exponential decay rate (equivalent, a half-life) to a set of samples
taken at different timepoints. In the latter case, we jointly infer the decay rate and the individual
titers, for maximally principled error propagation. The reason we also estimate individual titer
values (without any assumptions about their relationship or the decay process) is that this allows
us to check goodness-of-fit of the exponential decay model.
Notation

In the text that follows, we use the following mathematical notation.

Logarithms and exponentials
log(x) denotes the logarithm base e of x (sometimes called [n(x)). We explicitly refer

to the logarithm base 10 of x as log, ,(x). exp(x) denotes e*.

Probability distributions
The symbol ~ denotes that a random variable is distributed according to a given

probability distribution. So for example
X ~ Normal(0,1)

indicates that the random variable X is normally distributed with mean 0 and standard

deviation 1.
We parameterize normal distributions as:

Normal(mean, standarddeviation)
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We parameterize positive-constrained normal distributions (i.e., with lower limit 0) as:
PosNormal(mode, standarddeviation)
We parameterize Poisson distributions as:
Poisson(mean)

Titer inference

For both surface and aerosol samples, we estimated individual sample infectious virus
titers directly from titration well data as previously described (3), using a weakly informative
Normal prior on the true virus concentration v; in units of TCIDs,/0.1 mL (since well inocula

were 0.1 mL):

v; ~ Normal(3,3)

Surface half-life inference

Similarly, we inferred half-lives of infectious virus on surfaces using the method
previously described in (3), which allows us to account for variation in initial virus deposition on

individual coupons, among other sources of experimental error. We used the following priors.
Log half-lives log (h;) for each experimental condition i:
log(h;) ~ Normal(log(S), log (4))
Mean initial log,,/0.1mL virus titers v; for each experimental condition i:
vo; ~ Normal(3,2)

Experiment-specific standard deviations o; of initial initial logio titers vg;; about the

mean Vy; for each experimental condition i:

0; ~ PosNormal(0.4,0.3)
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Aerosol half-life inference

To conduct aerosol half-life inference, we had to account for settling and re-suspension,
drum sampling noise, other loss/gain of viral material unrelated to virus inactivation. We did this
by incorporating qPCR measurements of the virus genome quantity in our samples.

gPCR adjustment for changes in sampled viral material

v(t : : . . . . .
Let f(t) = % denote the ratio of infectious virus (in units of TCIDs per unit volume)

to virus RNA (in units of genome copies or qPCR copying events (i.e., 2¢T) for the aerosols in
q pymg

the drum. If infectious virus decays exponentially, then:

log,olf ()] = log,olf(0)] — At

where A is the exponential decay rate in logio infectious virus per unit time.

So in a sample with N (t) genome copies taken at time t, we expect to find a titer of:

log,o[V(t)] = log1o[f ()N (t)] = logso[f (0)] — At + log,o[N(2)]

But since f(0) = %, log.10[(f(0)] = log,,[V(0)] — log,0[N(0)], so this is equivalent

to:

log,o[V(t)] = log10[V(0)] — At + log,o[N(t)] — log14[N(0)]

In other words, it is equal to the naive prediction (without qPCR data on non-inactivation

loss/gain of virus) minus a correction term reflecting the measured lo g, fold change in virus

RNA (e.g., non-inactivation loss of infectious virus), which we call L:

L =log,o[N()] = log10[N(0)]

Notice that if L is negative—N (t) < N(0)—we expect to see an additional decrease in

sample titer beyond that predicted by actual virus inactivation, and so we will measure a longer
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half-life than we would have had we not corrected for changing quantities of viral material

(infectious or not) in the sample.
For each drum run j of experimental condition i, we estimated L;; for sample 1ij (taken
att = 3h or t = 8h) by the change in sample CT values C;; relative to the initial t = 0/
sample 0ij:
Lij = —10g10(2)[Cyij — Coij]

We also considered defining L in terms of the change in estimated genome copy numbers

Lij = loglo[nu‘j] - loglo[noij]
but these L values were sufficiently similar to those obtained from CT values that we did

not rerun the analysis.

Titer prediction
For each drum run j, we then predicted the measured final infectious virus titer vq;; given

the ¢ = 0/ measurement vVy;; as:
V1ij = Voij + Lij — Aity;

where t;; is the timepoint for the second sample (3 h or 8 h) and 4, is the exponential

decay rate in logio infectious virus per hour, calculated from the half-life as:

lo 2
. g;lO,( )
L

We modeled initial sampled titers vg;; for each individual drum run j of experiment i as

distributed about an inferred experiment-specific mean vy;, with an inferred experiment-specific

standard deviation g;:
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Voij ~ Normal(vy;, 0;)

We modeled observed titration wells for both vg;; and v4;; according to the same Poisson

single-hit process previously described and used to estimate individual titers and surface half-

lives.
Prior distributions
We used the following prior distributions.
Log half-lives log (h;) for each experimental condition i:
log(hy) ~ Normal(log(5),log(4))
Mean initial virus titers vg; (in units of log, ,TCIDs(/0.1mL titrated sample):
vo; ~ Normal(2,2)
Standard deviations g; of individual initial titers vg;; about the experiment mean Vo

o; ~ PosNormal(0.4,0.2)

Prior predictive checks
We assessed appropriateness of prior distributions with prior predictive checks. These
confirmed that the priors allowed for a wide range of plausible inactivation kinetics both for

aerosol experiments (Figure 3) and for surface experiments (Figure 4).

We visualized prior predictive draws as possible decay lines, determined by a predicted
t = 0 value and a predicted decay rate. For the acrosol experiments, each plotted line can be
thought of as a prior prediction for a single drum run, since the estimated titers there represent a
single timeseries with a shared ¢ = 0 value (intercept). For the surface experiments, each line
can be thought of as a prior prediction for a single measured titer, since each sample deposited on

a surface has its own t = 0 value from which it decays until the time it is sampled.
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To show the joint prior, we plotted multiple lines for each of the random posterior draws,
one for each of several intercepts / timeseries. For the aerosol experiments, we plotted one line
for each drum run. In the surface experiments, there is one intercept per titer; to keep the number
of lines manageable, we plotted a random set of 6 intercept parameters from each experiment for
each posterior draw. We resampled which intercepts to plot every draw, so many different sets of

6 are plotted for each experiment (one set for every plotted draw).

Computational methods

As previously described, we fit the models described above our data using Stan (6),
which implements a No-U-Turn Sampler (7). We inferred all parameters jointly for all models.
We ran 4 parallel Markov chains with 1000 iterations of warmup followed by 1000 sampling
iterations, resulting in a total of 4000 posterior samples for each inference model. We assessed
chain mixing and convergence by inspecting trace plots and confirming sufficient effective

sample size and lack of divergent transitions.

We created visualizations and tables in R using ggplot2 (8), ggdist (9), and tidybayes
(10).

Sensitivity analysis and robustness checks

Posterior predictive checks

To assess model goodness of fit, we performed posterior predictive checks. These are
visualized identically to the prior predictive checks shown above. These predictive checks differ
from the regression fits shown in the Main Text in that the intercepts of the lines plotted are
random draws from the posterior predictive distribution (given by the inferred experiment-
specific means and standard deviations) rather than the specific inferred values corresponding to
individual actually-observed timeseries / titers. So the close match of the lines to the data here is
a stronger test of model appropriateness. In particular, it shows that the hierarchical modeling of

intercepts is capturing the degree of experimental variation well. Note that exponential decay
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rates shown in the posterior checks are the posterior inferred values, as we estimated decay rates

without hierarchy.

Alternative cell lines

Different VOC show different cell tropism and interactions with human proteases (/17,12;
T.P. Peacock et al., unpub. data,
https://www.biorxiv.org/content/10.1101/2021.12.31.474653v2). For example, Delta appears to
use TMPRSS2-mediated cell entry routes more than Omicron BA.1, and TMPRSS2-deletion
affects in vitro Delta cell entry more than Omicron cell entry (/2). Similarly, spike evolution
may involve tradeoffs between protein stability and virion fusogenicity, and different VOC may

have distinct stability / fusogenicity properties (/3).

To ensure that our environmental stability results were not an artifact of an interaction
between our choice of titration cell line and the cell entry properties of the VOC, we titrated
aerosol samples on two additional cell lines, both Vero E6-derived lines modified to express
TMPRSS2: Vero E6-TMPRSS2-T2A-ACE2 and Vero-TMPRSSII-RML. Figure 7 shows
estimated half-lives by variant and cell line. Figure 8 shows estimated fold-changes in half-life

relative to WA1 by variant and cell line.

To allow more detailed comparison with our main results, including assessment of model
fit, we show versions of Main Text Figure 1 for the alternative cell lines below (Figures 9, 10),

as well as corresponding posterior predictive checks (Figures 11, 12).

Estimates without gPCR adjustment
We also wished to ensure that our aerosol results were not an artifact of the qPCR
adjustment used, so we estimated raw titration half-lives (i.e., half-life including non-inactivation

loss of infectious material).
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As above, we visualize estimated half-lives (Figure 13), estimated fold-changes in half-
life relative to WA1 (Figure 14), and then plot versions of Main Text Figure 1 for each cell line:
Vero E6, as in Main Text, Figure 15; Vero E6-TMPRSS2-T2A-ACE2, Figure 16, Vero-
TMPRSSII-RML, Figure 17. The only difference is that here all plotted estimates are without

qPCR adjustment for non-inactivation changes in viral material.

The same qualitative patterns persists in all cases, and in fact the statistical signal of
increased half-life of B.1, Alpha, and Beta relative to WA is stronger for non-qPCR-adjusted
half-lives than for qPCR-adjusted ones. As expected, estimated half-lives tend to be shorter,

likely due to loss of viral material by processes other than inactivation (e.g., settling).

Further discussion
The principal difference between the drum and the surface experiments is that in the
drum experiments we directly sample v;;, as this can be done non-destructively (where it cannot

be done with an individual surface sample).

Note that the t = 0/ sample in the aerosol experiments occurs after a drum equilibriation
period, and thus after any physical loss from that occurs during the aerosolization process and
any rapid initial loss of infectious virus, as has been reported in other studies of aerosolized virus

(14).

Except for very near-field airborne exposure (e.g., a person shouting in another’s face),
the transmission-relevant half-life of infectious virus in aerosols is the quasi-equilibrium half-life
after any rapid initial loss has occurred. This later half-life is the one our experiment is designed
to measure (note that our t = 04 titers are much lower than our stock solutions, see

Experimental methods: Aerosol stability experiment).

Similarly, it is important to note that real-world depositions in aerosols or onto surfaces
may differ markedly in absolute quantity of infectious virus deposited. Here and in other studies,

we use large initial quantities not because these are necessarily a realistic stand in for any or all
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depositions (/5), but rather because this enables maximally informative estimates of decay rates
and half-lives. Since the decay process is approximately exponential, these rate estimates can be

used for risk assessment for a wide range of deposition sizes.

Code and data

All code and data needed to reproduce our analyses is archived on Github

(https://github.com/dylanhmorris/aerosol-stability-voc) and Zenodo

(https://doi.org/10.5281/zenodo.7675574), and licensed for reuse, with appropriate attribution

and citation.
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Appendix Figure 1. Variant half-lives as a function of amino acid divergence from the WA1 Lineage A

variant. Violin plots show shape of the posterior distribution for the half-life, plotted on a logarithmic scale.
Point shows the posterior median estimate, and black lines show a 68% (thick) and 95% (thin) credible
interval.
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Appendix Figure 2. Amino acid substitutions and deletions in the S1 and S2 regions of the spike protein
for the Variants-of-Concern studied.
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Appendix Figure 3. Prior predictive checks for aerosol experiments. Semi-transparent lines show
random draws from the joint prior distribution for drum run intercepts (t = 0 values) and variant decay
rates.We perform 50 random draws and then plot one line per draw for each drum run. This yields 300
plotted lines per variant. Points with black bars show individually-estimated titer values (point: posterior
median titer estimate; bar: 95% credible interval). Points at 3 h and 8 h are shifted up or down by the

physical / non-inactivation change in viral material estimated from gPCR data (see Bayesian inference

methods: gPCR adjustment for changes in sampled viral material), to enable visual comparison with

predicted decay (which reflects only inactivation effects). Samples with no positive titration wells are
plotted as triangles at the approximate LOD (dotted horizontal line). Wide line coverage relative to data

shows that model considered many possible decay kinetics as a priori plausible.
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Appendix Figure 4. Prior predictive checks for surface experiments. Semi-transparent lines show
random draws from the joint prior distribution for titer intercepts (¢t = 0 values) and variant decay rates. We
perform 50 random draws and then plot 6 random initial titers per draw for each variant. This yields 300
plotted lines per variant. We choose a new group of 6 random initial titers for each new draw-variant pair.
Points with black bars show individually estimated titer values (point: posterior median titer estimate; bar:
95% credible interval). Samples with no positive titration wells are plotted as triangles at the approximate
LOD (dotted horizontal line). Wide line coverage relative to data shows that model considered many

possible decay kinetics as a priori plausible.
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Appendix Figure 5. Posterior predictive checks for aerosol experiments. Semi-transparent lines show
random draws from the joint posterior predictive distribution for drum run intercepts (t = 0 values) and
variant decay rates.We perform 50 random draws and then plot one line per draw for each drum run. This
yields 300 plotted lines per variant. Points with black bars show individually-estimated titer values (point:
posterior median titer estimate; bar: 95% credible interval). Points at 3 h and 8 h are shifted up or down
by the physical / non-inactivation change in viral material estimated from gPCR data (see Bayesian
inference methods: gPCR adjustment for changes in sampled viral material), to enable visual comparison

with predicted decay (which reflects only inactivation effects). Samples with no positive titration wells are
plotted as triangles at the approximate LOD (dotted horizontal line). Tight fit of lines to data suggests that
hierarchical model of intercepts and estimated exponential decay kinetics for infectious virus describe the

data well.
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Appendix Figure 6. Posterior predictive checks for surface experiments. Semi-transparent lines show
random draws from the joint posterior predictive distribution for titer intercepts (¢t = 0 values) and variant
decay rates. We perform 50 random draws and then plot 6 random initial titers per draw for each variant.
This yields 300 plotted lines per variant. We choose a new group of 6 random initial titers for each new
draw-variant pair. Points with black bars show individually-estimated titer values (point: posterior median
titer estimate; bar: 95% credible interval). Samples with no positive titration wells are plotted as triangles
at the approximate LOD (dotted horizontal line). Tight fit of lines to data suggests that hierarchical model

of intercepts and estimated exponential decay kinetics for infectious virus describe the data well.
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Appendix Figure 7. Estimated half-lives of infectious virus in aerosols by variant and cell line. “Vero E6”
denotes standard Vero E6 cell titration as plotted in Main Text; “+TMPRSS2” denotes Vero E6-
TMPRSS2-T2A-ACE2 cells; “+TMPRSS2 (RML)” denotes Vero-TMPRSSII-RML cells. Half-lives plotted
on a logarithmic scale. Violin plots show approximate shape of the posterior distribution. Point shows the
posterior median estimate and lines show a 68% (thick) and 95% (thin) credible interval. Pattern across
variants is consistent regardless of cell line. Delta shows somewhat shorter half-life on one line of

TMPRSS2 expressing cells.
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Appendix Figure 8. Estimated fold-change in infectious virus half-life in aerosols relative to WA1 by
variant and cell line. “Vero E6” denotes standard Vero E6 cell titration as plotted in Main Text;
“+TMPRSS2” denotes Vero E6-TMPRSS2-T2A-ACE2 cells; “+TMPRSS2 (RML) denotes Vero-
TMPRSSII-RML cells. Fold-changes plotted on a logarithmic scale centered on 1 (no change), which is
indicated by a dashed line. Violin plots show approximate shape of the posterior distribution. Point shows
the posterior median estimate and lines show a 68% (thick) and 95% (thin) credible interval. Pattern
across variants is consistent regardless of cell line. Delta shows a greater reduction in half-life relative to
WA1 on one line of TMPRSS2-expressing cells, corresponding to its substantially lower measured half-

life on that cell line, see Appendix Figure 7.
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Appendix Figure 9. Version of Main Text Figure 1 with titration on modified Vero cells expressing
TMPRSS2 (Vero E6-TMPRSS2-T2A-ACE2). A: Regression lines representing predicted exponential
decay of logio virus titer over time compared to measured (directly-inferred) virus titers. Points with black
bars show individually-estimated titer values (point: posterior median titer estimate; bar: 95% credible
interval). Points at 3 h and 8 h are shifted up or down by the physical / non-inactivation change in viral

material estimated from qPCR data (see Bayesian inference methods: gPCR adjustment for changes in

sampled viral material), to enable visual comparison with predicted decay (which reflects only inactivation

effects). Semi-transparent lines show random draws from the joint posterior distribution of the exponential
decay rate and the drum run intercept (virus titer at ¢ = 0); this visualizes the range of plausible decay
patterns for each experimental condition. We perform 50 random draws and then plot one line per draw
for each drum run. This yields 300 plotted lines per variant. B: Inferred virus half-lives by variant, plotted
on a logarithmic scale. Density plots show the shape of the posterior distribution. Dots show the posterior
median half-life estimate and black lines show a 68% (thick) and 95% (thin) credible interval. C: Inferred
ratio of variant virus half-lives to that of WA1 (fold-change), plotted on a logarithmic scale and centered on
1 (no change, dashed line). Dot shows the posterior median estimate and black lines show a 68% (thick)
and 95% (thin) credible interval.
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Appendix Figure 10. Version of Main Text Figure 1 with titration on modified Vero cells expressing
TMPRSS2 (Vero-TMPRSSII-RML). A: Regression lines representing predicted exponential decay of log1o
virus titer over time compared to measured (directly-inferred) virus titers. Points with black bars show
individually-estimated titer values (point: posterior median titer estimate; bar: 95% credible interval).
Points at 3 h and 8 h are shifted up or down by the physical / non-inactivation change in viral material

estimated from gPCR data (see Bayesian inference methods: gPCR adjustment for changes in sampled

viral material), to enable visual comparison with predicted decay (which reflects only inactivation effects).
Semi-transparent lines show random draws from the joint posterior distribution of the exponential decay
rate and the drum run intercept (virus titer at t = 0); this visualizes the range of plausible decay patterns
for each experimental condition. We perform 50 random draws and then plot one line per draw for each
drum run. This yields 300 plotted lines per variant. B: Inferred virus half-lives by variant, plotted on a
logarithmic scale. Density plots show the shape of the posterior distribution. Dots show the posterior
median half-life estimate and black lines show a 68% (thick) and 95% (thin) credible interval. C: Inferred
ratio of variant virus half-lives to that of WA1 (fold-change), plotted on a logarithmic scale and centered on
1 (no change, dashed line). Dot shows the posterior median estimate and black lines show a 68% (thick)
and 95% (thin) credible interval.
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Appendix Figure 11. Posterior predictive checks for aerosol experiments with titration on modified Vero
cells expressing TMPRSS2 (Vero E6-TMPRSS2-T2A-ACE2). Semi-transparent lines show random draws
from the joint posterior predictive distribution for drum run intercepts (t = 0 values) and variant decay
rates.We perform 50 random draws and then plot one line per draw for each drum run. This yields 300
plotted lines per variant. Points with black bars show individually-estimated titer values (point: posterior
median titer estimate; bar: 95% credible interval). Points at 3 h and 8 h are shifted up or down by the

physical / non-inactivation change in viral material estimated from gPCR data (see Bayesian inference

methods: gPCR adjustment for changes in sampled viral material), to enable visual comparison with

predicted decay (which reflects only inactivation effects). Samples with no positive titration wells are
plotted as triangles at the approximate LOD (dotted horizontal line). Tight fit of lines to data suggests that
hierarchical model of intercepts and estimated exponential decay kinetics for infectious virus describe the

data well.
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Appendix Figure 12. Posterior predictive checks for aerosol experiments with titration on modified Vero
cells expressing TMPRSS2 (Vero-TMPRSSII-RML. Semi-transparent lines show random draws from the
joint posterior predictive distribution for drum run intercepts (t = 0 values) and variant decay rates.We
perform 50 random draws and then plot one line per draw for each drum run. This yields 300 plotted lines
per variant. Points with black bars show individually-estimated titer values (point: posterior median titer
estimate; bar: 95% credible interval). Points at 3 h and 8 h are shifted up or down by the physical / non-

inactivation change in viral material estimated from qPCR data (see Bayesian inference methods: gPCR

adjustment for changes in sampled viral material), to enable visual comparison with predicted decay

(which reflects only inactivation effects). Samples with no positive titration wells are plotted as triangles at
the approximate LOD (dotted horizontal line). Tight fit of lines to data suggests that hierarchical model of

intercepts and estimated exponential decay kinetics for infectious virus describe the data well.
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Appendix Figure 13. Estimated half-lives of infectious virus in aerosols by variant and cell line, no gPCR
adjustment performed. Half-lives plotted on a logarithmic scale. Violin plots show approximate shape of
the posterior distribution. Point shows the posterior median estimate and lines show a 68% (thick) and
95% (thin) credible interval.
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Appendix Figure 14. Estimated fold-change in infectious virus half-life in aerosols relative to WA1 by
variant and cell line, no gPCR adjustment performed. Fold-changes plotted on a logarithmic scale
centered on 1 (no change), which is indicated by a dashed line. Violin plots show approximate shape of
the posterior distribution. Point shows the posterior median estimate and lines show a 68% (thick) and

95% (thin) credible interval.
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Appendix Figure 15. Version of Main Text Figure 1 with titration on standard Vero E6 cells, no gPCR
adjustment performed. A: Regression lines representing predicted exponential decay of logo virus titer
over time compared to measured (directly-inferred) virus titers. Points with black bars show individually-
estimated titer values (point: posterior median titer estimate; bar: 95% credible interval). Samples with no
positive titration wells are plotted as triangles at the approximate LOD (dotted horizontal line). Semi-
transparent lines show random draws from the joint posterior distribution of the exponential decay rate
and the drum run intercept (virus titer at ¢ = 0); this visualizes the range of plausible decay patterns for
each experimental condition. We perform 50 random draws and then plot one line per draw for each drum
run. This yields 300 plotted lines per variant. B: Inferred virus half-lives by variant, plotted on a logarithmic
scale. Density plots show the shape of the posterior distribution. Dots show the posterior median half-life
estimate and black lines show a 68% (thick) and 95% (thin) credible interval. C: Inferred ratio of variant
virus half-lives to that of WA1 (fold-change), plotted on a logarithmic scale and centered on 1 (no change,
dashed line). Dot shows the posterior median estimate and black lines show a 68% (thick) and 95% (thin)

credible interval.
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Appendix Figure 16. Version of Main Text Figure 1 with titration on modified Vero cells expressing
TMPRSS2 (Vero E6-TMPRSS2-T2A-ACE2), no gPCR adjustment performed. A: Regression lines
representing predicted exponential decay of log1o virus titer over time compared to measured (directly-
inferred) virus titers. Points with black bars show individually-estimated titer values (point: posterior
median titer estimate; bar: 95% credible interval). Dashed horizontal line shows approximate LOD for
individual titers. Semi-transparent lines show random draws from the joint posterior distribution of the
exponential decay rate and the drum run intercept (virus titer at ¢t = 0); this visualizes the range of
plausible decay patterns for each experimental condition. We perform 50 random draws and then plot one
line per draw for each drum run. This yields 300 plotted lines per variant. B: Inferred virus half-lives by
variant, plotted on a logarithmic scale. Density plots show the shape of the posterior distribution. Dots
show the posterior median half-life estimate and black lines show a 68% (thick) and 95% (thin) credible
interval. C: Inferred ratio of variant virus half-lives to that of WA1 (fold-change), plotted on a logarithmic
scale and centered on 1 (no change, dashed line). Dot shows the posterior median estimate and black
lines show a 68% (thick) and 95% (thin) credible interval.
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Appendix Figure 17. Version of Main Text Figure 1 with titration on modified Vero cells expressing
TMPRSS2 (Vero-TMPRSSII-RML), no gPCR adjustment performed. A: Regression lines representing
predicted exponential decay of log1o virus titer over time compared to measured (directly inferred) virus
titers. Points with black bars show individually estimated titer values (point: posterior median titer
estimate; bar: 95% credible interval). Dashed horizontal line shows approximate LOD for individual titers.
Semi-transparent lines show random draws from the joint posterior distribution of the exponential decay
rate and the drum run intercept (virus titer at ¢ = 0); this visualizes the range of plausible decay patterns for
each experimental condition. We perform 50 random draws and then plot one line per draw for each drum
run. This yields 300 plotted lines per variant. B: Inferred virus half-lives by variant, plotted on a logarithmic
scale. Density plots show the shape of the posterior distribution. Dots show the posterior median half-life
estimate and black lines show a 68% (thick) and 95% (thin) credible interval. C: Inferred ratio of variant
virus half-lives to that of WA1 (fold-change), plotted on a logarithmic scale and centered on 1 (no change,
dashed line). Dot shows the posterior median estimate and black lines show a 68% (thick) and 95% (thin)

credible interval.
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